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ABSTRACT
We analyzed the thermal emission from the entire surface of the millisecond pulsar
PSR J0437–4715 observed in the ultraviolet and soft X–ray bands. For this, we calcu-
lated non-magnetized, partially ionized atmosphere models of hydrogen, helium, and
iron compositions and included plasma frequency effects that may affect the emergent
spectrum. This is particularly true for the coldest atmospheres composed of iron (up
to a few percent changes in the soft X–ray flux). Employing a Markov chain Monte
Carlo method, we found that the spectral fits favour a hydrogen atmosphere, disfavour
a helium composition and rule out iron atmosphere and blackbody models. By using
a Gaussian prior on the dust extinction, based on the latest 3D map of Galactic dust,
and accounting for the presence of hot polar caps found in previous work, we found
that the hydrogen atmosphere model results in a well-constrained neutron star ra-
dius RNS = 13.6+0.9−0.8 km and bulk surface temperature T
∞
eff = (2.3 ± 0.1) ×105 K. This
relatively large radius favours a stiff equation of state and disfavours a strange quark
composition inside neutron stars.
Key words: stars: neutron — stars: atmospheres — plasmas — pulsars: individual
(PSR J0437–4715)
1 INTRODUCTION
The study of the thermal emission from neutron stars (NSs)
is particularly relevant to understand their cooling history,
determine their radii, and constrain the equation of state
(EOS) of ultra-dense matter. In general, the thermal emis-
sion from NSs is expected to be reprocessed by an atmo-
sphere, whose spectrum depends on the temperature gradi-
ent, surface composition, and magnetic field strength of the
source. There already exists substantial literature dedicated
to the effects of these parameters on the emergent spectra of
relatively hot NS atmospheres, with temperature T > 106 K
(for reviews, see e.g., Zavlin 2007; O¨zel 2013; Potekhin 2014).
The spectra of cooler NS atmospheres, in which plasma
effects start to become important, have been less studied.
However, these atmosphere models are relevant for ana-
lyzing the thermal emission from old NSs (ages > 106 yr),
such as millisecond pulsars (MSPs), which have lost most
of their thermal energy. Up to now, Hubble Space Telescope
(HST ) observations have revealed ultraviolet (UV) emission
? E-mail: denis.caniulef.14@ucl.ac.uk
from two MSPs, PSR J0437–4715 (hereafter “J0437”; Kar-
galtsev et al. 2004; Durant et al. 2012) and PSR J2124–
3358 (“J2124”; Rangelov et al. 2017), and from the middle-
aged classical pulsar PSR B0950+08 (“B0950”; Pavlov et al.
2017). In all three cases, the interpretation of the ther-
mal spectrum as blackbody (BB) emission yields bulk sur-
face temperatures around 105 K, whereas an upper limit of
4 × 104 K was inferred from the non-detection of the old,
very slow pulsar PSR J2144–3933 (Guillot et al. 2019).
More realistic estimates of the surface temperature of these
objects, using atmosphere models, will help to distinguish
between different possible heating mechanisms in old NSs
(Gonzalez & Reisenegger 2010). This would in turn pro-
vide constraints on NS internal parameters, such as the su-
perfluid energy gaps, which regulate the strength of these
mechanisms (Petrovich & Reisenegger 2010, 2011; Gonza´lez-
Jime´nez et al. 2015).
Furthermore, J0437 and J2124, as well as
PSR J0030+0451 (“J0030”), are among the targets of
the Neutron Star Interior Composition Explorer mission
(NICER, Gendreau et al. 2016; Gendreau & Arzoumanian
2017). NICER aims at measuring the mass MNS and radius
© 2015 The Authors
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RNS of these MSPs through the effect of gravitational
light bending and other relativistic effects on their X–ray
light curves produced by hot polar caps (Bogdanov 2013;
O¨zel et al. 2016; Miller 2016). In fact, combined analysis
of hydrogen (H) atmosphere models with XMM-Newton
X–ray spectral/timing observations of the hot polar cap
emission have permitted establishing some constraints on
the radius of J2124, J0030, and J0437, which, assuming
a NS mass MNS = 1.4 M, resulted in RNS > 7.8 km (68%
confidence, Bogdanov et al. 2008), RNS > 10.4 km (99%
confidence, Bogdanov & Grindlay 2009) and RNS > 10.9 km
(3σ, confidence, Bogdanov 2013), respectively. In light
of upcoming NICER analyses, it is therefore important
to characterize the atmospheric properties of MSPs (e.g.,
composition and temperature) as accurately as possible
to establish further constraints on the properties of these
sources.
We model non-magnetized, partially ionized NS atmo-
spheres for temperatures down to ∼ 104.5 K, and fit them to
the UV and soft X–ray spectra of J0437. Besides being the
main target for NICER, J0437 is the brightest and nearest
MSP, with a precisely measured distance d = 156.79±0.25 pc
(Reardon et al. 2016). In addition, it is in a 5.74 day bi-
nary orbit with a helium-core white dwarf companion (Bai-
lyn 1993), allowing for a precise radio-timing measurement
of the pulsar mass, MNS = 1.44 ± 0.07 M (Reardon et al.
2016). The white dwarf has an effective temperature of
3950± 150 K (Durant et al. 2012), making it very unlikely to
contribute significantly to the UV emission of the system.
The spin period of J0437, P = 5.76 ms, and its spin-down
rate, ÛP = 5.73×10−20 s s−1, imply a large spin-down age (af-
ter kinematic corrections), τ = P/2 ÛP = 6.7 Gyr, and a weak
dipole magnetic field, B = 2.8×108 G.
The X–ray spectrum of J0437 is composed of two ther-
mal components from the pulsar’s hot polar caps (Zavlin
& Pavlov 1998), generally fitted with a pair of NS atmo-
sphere components (with T ∼ 106 K), and a non-thermal
component fitted with a power-law (Zavlin et al. 2002). Be-
cause of its proximity, J0437 is also the only MSP for which
the ∼ 105 K thermal emission from the entire pulsar sur-
face is detectable in the soft X–ray range below ∼ 0.4 keV.
This third (cool) thermal component is clearly seen in the
UV (Kargaltsev et al. 2004; Durant et al. 2012), but it was
poorly constrained in studies that only considered the X-ray
data, due to uncertain contributions of a non-thermal com-
ponent (Bogdanov 2013). This is because the mild excess
below ∼ 0.4 keV in the XMM data could be compensated by
a soft power-law. More recent work used NuSTAR observa-
tions to better constrain the high-energy tail (at & 4 keV),
which lifted ambiguities with the spectral modeling at lower
energies (. 0.4 keV). Combined ROSAT, XMM-Newton and
NuSTAR spectral analysis confirmed the presence of this
third thermal component (with T ∼ 105 K, fitted with a BB),
which was interpreted as the thermal emission coming from
the entire surface (Guillot et al. 2016).
However, only the Wien tail of this cool surface emission
is detected in the soft X–ray regime. Therefore, its minimal
contribution to the X–ray flux in the 0.1–0.5 keV range, af-
fected by absorption due to the interstellar medium, and
dominated by the hotter thermal components, prevented
precisely determining the surface temperature and emitting
area (i.e., the NS radius). In addition to the evidence for the
cool thermal emission in the soft X–rays, J0437 is also the
only pulsar for which one can precisely determine, thanks
to the pulsar’s proximity, the slope of this emission in the
UV band with spectroscopic observations (Kargaltsev et al.
2004; Durant et al. 2012).
This paper aims at obtaining better constraints on the
cool thermal emission of J0437 by combining the UV and
soft X–ray observations. We model and apply realistic NS at-
mosphere models, for various compositions, to the UV data
from HST and soft X–ray data from ROSAT. The organiza-
tion of the article is as follows. In Section 2, we describe the
theoretical framework to compute the emergent spectrum
from a NS atmosphere, and how we introduce the plasma ef-
fects. In Section 3, we verify the accuracy of our models and
investigate their properties, particularly the plasma effects.
In Section 4, we confront our atmosphere models for differ-
ent compositions to the observed UV to soft X–ray spectral
energy distribution of J0437. A summary of our main con-
clusions and the discussion are given in Section 5.
2 THEORETICAL FRAMEWORK
Substantial literature on both magnetic and non-magnetic
NS atmosphere models already exists (for reviews see Zavlin
2007; O¨zel 2013; Potekhin 2014). In particular, spectra from
non-magnetized, passively cooling NSs are usually obtained
via the computation of the atmosphere structure coupled
with either: a) the Milne integral (Romani 1987; Rajagopal
& Romani 1996; Pons et al. 2002), b) the radiative transfer
equation in the form of a second-order boundary problem
(Zavlin et al. 1996; Heinke et al. 2006; Suleimanov & Werner
2007; Haakonsen et al. 2012), or c) the radiative transfer
equation using the Rybicki method (Ga¨nsicke et al. 2002).
2.1 Neglect of magnetic effects
The criteria to establish whether non-magnetized atmo-
spheres are suitable for analyses of the thermal emission
from different classes of NSs consider the temperature, spec-
tral energy range, and magnetic field strength of the source.
Basically, a magnetic field changes the properties of the at-
mosphere in two ways: by modifying the energy levels of
the atoms, which changes the bound-bound and bound-free
opacities, and by modifying the dynamics of free electrons
with kinetic energy below the electron cyclotron energy,
which changes the free-free opacities. Considering the elec-
tron cyclotron energy Ec = ~eB/mec ≈ 1 B8 eV, magnetic
fields are negligible for the bound-bound and bound-free
opacities if the ratio Ec/Z2Ry ∼ 0.1 B8 Z−2  1, where Z
is the atomic number, Ry = 13.6 eV is the Rydberg energy,
and B8 = B/108 G. Similarly, for the free-free opacities, mag-
netic fields are negligible if the ratio Ec/kBT ∼ 0.1 B8/T5  1,
with T5 = T/105 K, or the spectral energy range of interest is
above the electron cyclotron energy, E  Ec ≈ 1 B8 eV.
Spectra for fully ionized atmosphere models of NSs with
different field strengths have been reported, for example,
in Figure 2.7 of Lloyd (2003). In particular, for the lowest
temperature considered in that work, log(T/K) = 5.6, the
spectrum for B = 108 G is indistinguishable from that of
a non-magnetic NS. As also shown in the same figure, the
magnetic field produces an absorption feature around the
MNRAS 000, 1–13 (2015)
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electron cyclotron energy. In the case of J0437, the magnetic
field is B8 ≈ 2.8, the associated electron cyclotron frequency
is log(Ec/keV) = −2.6, and we will fit the spectrum to UV
data well above this value, for log(E/keV) > −2.2, finding
typical temperatures T5 ∼ 3.
Depending on the composition, partially ionized atmo-
spheres show absorption features at different energies. In
particular, the H atmosphere spectrum has a Lyman alpha
absorption feature at E = 10.2 eV, which, depending on the
NS gravitational redshift, can be within the range of the
ultraviolet HST observations. Magnetic fields such as those
present in MSPs are strong enough to induce a large Zee-
man effect, i.e., the splitting of the Lyman alpha absorption
feature into three separate components (see e.g., Kargalt-
sev et al. 2004). These are expected to be washed out in the
measured, phase-averaged spectrum, because the latter com-
bines radiation from different parts of the NS surface, where
the magnetic field strength and direction are expected to be
very different, thus placing the absorption components at
different wavelengths. Therefore, we will ignore the presence
of the magnetic field in our atmosphere model calculations.
For the spectral fitting of J0437 (Section 4.2), we eliminate
the Lyman alpha absorption feature from the spectra of the
H atmosphere models by linearly interpolating through the
spectral range covered by this feature.
Another important effect of magnetic fields on NS at-
mospheres is that they can suppress convective instabilities.
As shown by Rajagopal & Romani (1996), a pure iron (Fe)
atmosphere with T ∼ 105 K is unstable to convective motion
in zones of the atmospheres with optical depths τ ∼ 0.1−1.0,
which could modify the temperature gradient of the at-
mosphere and produce a dramatic effect in the emergent
spectra. However, they also showed that a magnetic field
B & 107 G can suppress this instability and, therefore, it
should not be present in the atmospheres of MSPs. Consis-
tently, our models do not include convection.
2.2 Atmosphere model calculations
We use our own new code based on the iterative scheme
discussed in Romani (1987, see also Rajagopal & Romani
1996; Pons et al. 2002) to simultaneously calculate the at-
mosphere structure and the spectral energy distribution via
the Milne integral, for the case of unmagnetized NSs with
low temperatures. It imposes that the NS atmosphere is in
hydrostatic and radiative equilibrium. The latter means that
the radiative flux through the atmosphere is constant and
there is no additional source of energy. Because the thick-
ness of the atmosphere is much smaller than the radius of the
star, the radiative transfer equation is solved in the plane-
parallel approximation, assuming the atmosphere is in local
thermodynamic equilibrium.
In order to determine the structure of the atmosphere,
we solve the equation of hydrostatic equilibrium
dP
dτR
=
geff
κR
, (1)
where P is the pressure, κR is the Rosseland mean opacity
(defined later in equation 9) and dτR = ρκR d`, with ρ and
` the density and physical depth of the atmosphere, respec-
tively. Here, for a given mass MNS and coordinate radius
RNS, the gravitational acceleration geff = (1 + z)GMNS/RNS2
and the gravitational redshift 1+z = (1−2GMNS/RNS c2)−1/2,
where G and c correspond to the gravitational constant and
the speed of light, respectively. For equation (1), we use the
boundary condition P(τR = 0) = 0 and an ideal gas equation
of state, adding the pressure of degenerate electrons, which
becomes relevant in the deepest zones of the atmosphere.
The problem is solved through successive iterations,
starting from an initial temperature profile given by the so-
lution for the gray atmosphere, T4 = (3/4)Teff4(τR+q), where
Teff is the effective temperature and q = 2/3. Subsequently,
we calculate the energy-dependent flux through the atmo-
sphere. Since the absorptive opacity κaE ∼ 103 − 105 cm2 g−1
is much larger than the electron scattering opacity κsc ≈
0.1 − 0.2 cm2 g−1, we neglect the electron scattering effects.
In this way, the expression for the energy-dependent flux
reduces to the Milne integral (Mihalas 1978),
FE (τE ) =2pi
[∫ ∞
τE
SE
(
τ′E
)
E2
(
τ′E − τE
)
dτ′E
−
∫ τE
0
SE
(
τ′E
)
E2
(
τE − τ′E
)
dτ′E
]
,
(2)
where the source function SE (x) is just the Planck function,
E2(x) =
∫ ∞
1
e−xt
t2
dt (3)
is the second exponential integral, and
τE =
∫ τR
0
κE
κR
dτ′R (4)
gives the transformation from Rosseland mean to energy-
dependent optical depths.
Finally, in order to obtain a specified, constant energy-
integrated radiative flux through the atmosphere, F =
σTeff4, we apply the Lucy-Unso¨ld correction to the temper-
ature profile, which is given by
∆T (τ) = 1
16σT (τ)3
[
κJ
κP
(
3
∫ τ
0
κF (τ′)
κR (τ′)∆F
(
τ′
)
dτ′ + 2∆F (0)
)
− κR
κP
d∆F (τ)
dτR
]
,
(5)
where ∆F is the departure from the specified, constant flux
F. In the previous expression, the quantities
κJ ≡
∫ ∞
0
κaE JEdE
/
J, (6)
κP ≡
∫ ∞
0
κaEBEdE
/
B, (7)
κF ≡
∫ ∞
0
(κaE + κsc)FEdE
/
F, (8)
and
1
κR
≡
∫ ∞
0
1
κaE + κ
sc
dBE
dT
dE
/
dB
dT
(9)
are the absorption mean, Planck mean, flux mean, and
Rosseland mean opacities, respectively (Mihalas 1978).
Here, J and B are the mean intensity and Planck func-
tion integrated in energy, respectively, and we approximate
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Figure 1. Spectra for non-magnetic NS atmospheres with pure H, He, and Fe composition. All spectra are computed for a NS surface
gravity geff = 2.43×1014 cm s−2. The logarithms of the effective NS surface temperatures are labeled in each spectrum. In all panels, the
dashed lines correspond to the spectra computed by Pons et al. (2002), and the solid lines correspond to the spectra computed in the
present work. The lower panels show the fractional difference, ( f0 − f1) / f0, between the fluxes of this work, f0, and those of Pons et al.
(2002), f1, for NS atmospheres with effective surface temperature Teff = 105.0 K.
κJ = κP . A relatively constant flux (error . 1%) is reached in
∼ 15 iterations. In this procedure, we take into account the
corrections from General Relativity in the emergent spec-
trum. This means that the flux measured by an observer at
distance D is
F∞E (E) =
FE ([1 + z] E)
1 + z
(
RNS
D
)2
, (10)
where FE ([1 + z] E) is the flux at the NS surface.
In order to compute the emergent spectrum, we use
100 energy bins logarithmically spaced from 10−4 keV to
10 keV and a grid of 120 depth levels logarithmically spaced
in Rosseland optical depth, τR, from 10−3 to 103. Once
the proper atmosphere structure is iteratively obtained, the
spectrum is calculated using a denser grid with 900 energy
bins. We use the energy-dependent opacities and the Rosse-
land and Planck mean opacities for H, helium (He), and
Fe from the Los Alamos Opacity Project1 (LANL; Magee
et al. 1995), which include bound-bound, bound-free, and
free-free transitions. The LANL opacity tables also pro-
vide the number of free electrons per nucleus for a given
composition, temperature and density (for details about
ionization calculations see Magee et al. 1995, and refer-
ences therein). However, the tables do not cover completely
the energy-dependent opacities for relatively low energies,
E ∼ 10−4 − 10−2 keV. We complete this region using the free-
free opacity, which is dominant2 in this range and is given,
in CGS units, by Rybicki & Lightman (1979) as:
κffν = 3.7×108 T−1/2n2e
∑
i
niZ2i ν
−3 (1 − e−hν/kT ) g¯ffν (ν,T), (11)
where i labels the kind of ions, Zi is the charge of the ions, ni
is the ion number density, and g¯ffν is the Gaunt factor, also
obtained from Rybicki & Lightman (1979).
1 http://aphysics2.lanl.gov/cgi-bin/opacrun/tops_txt.pl
2 This may not be strictly true for a heavy element composition,
such as Fe atmospheres. However, we use the free-free opacity in
an energy range with a relatively low radiative flux, where the
atmosphere is optically thick, and the photosphere has a rela-
tively small temperature gradient. This means that the emergent
spectrum is largely unchanged by increasing the opacities, for ex-
ample, due to additional bound-bound or bound-free transitions.
2.3 Plasma effects
In the UV range, the emergent spectrum can be affected by
absorption features due to atomic transitions in this energy
range, as well as by plasma effects. The latter can be seen
through the standard expression for the plasma frequency
ωp =
(
4pie2ne
me
)1/2
, (12)
where −e is the electron charge, ne is the electron number
density, and me is the electron mass. This frequency can be
estimated by combining the equation of hydrostatic equi-
librium (Equation 1) with an ideal gas equation of state
P = nkBT , where n is the particle density and kB is the
Boltzmann constant, yielding n ∼ geffτ/(κRkBT). Assuming
ne ∼ n, an optical depth τ ∼ 1, a H Rosseland mean opac-
ity κR ∼ 104 cm2 g−1, and an effective surface gravity geff ∼
1014 cm s−2, we obtain ~ωp ∼ ~
[
4pie2geffτ/(meκRkBT)
]1/2 ∼
1 eV, which is close to the UV range and therefore may affect
the analysis of HST observations of cool NSs.
In a plasma, the dispersion relation connecting the wave
number, k, the frequency, ω, and the plasma frequency, ωp,
is given by:
ω =
(
ω2p + c
2k2
)1/2
, (13)
where c is the speed of light. Since for ω < ωp the wave
number becomes imaginary, ωp defines a cutoff frequency
below which there is no electromagnetic wave propagation
in the plasma. Aharony & Opher (1979) showed that, for
ω > ωp, the frequency-dependent opacities κω should be
replaced by:
κω → κω1 − (ωp/ω)2
. (14)
In other words, the frequency-dependent opacities tend to
infinity when a photon with frequency just above ωp passes
through the plasma. Thus, this correction to the frequency-
dependent opacity has the effect, in the radiative transfer
equation, of blocking the flux of photons with ω < ωp
through the plasma. We therefore incorporate these con-
siderations into our NS atmosphere model calculation and
quantify their effects, before applying these models to the
UV/X–ray data of J0437.
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Figure 2. Thermal energy, kBT , and energy associated to the
plasma frequency, ~ωp , through the atmosphere of a NS with
effective surface temperature Teff = 104.5, 105.0 and 105.5 K. All
curves correspond to an NS with mass MNS = 1.5 M and radius
R∞ = 15 km. The upper solid, dashed, and dotted lines are the
temperature profiles for H, He, and Fe atmospheres, respectively.
Correspondingly, the lower lines with big dots are the energy asso-
ciated to the plasma frequency for each atmosphere composition.
3 MODEL COMPARISON AND RESULTS
In order to test our atmosphere calculation code, we gen-
erate spectra for different temperatures and compositions
and compare them with the spectra of Pons et al. (2002)
for H and He atmospheres with temperatures ranging from
Teff = 105.0 to 106.2 K, and for Fe atmospheres with effec-
tive temperatures ranging from 105.0 to 106.0 K. Like the
present work, Pons et al. (2002) follow a standard technique
to model the NS atmosphere (Romani 1987; Rajagopal &
Romani 1996) and compute the emergent spectrum using
the LANL opacities. The main differences are that their cal-
culations consider only 200 energy bins, compared to 900 in
our case, and cover the range of Rosseland optical depths
10−8 < τR < 102, whereas we used 10−3 < τR < 102 for the
comparison and 10−3 < τR < 103 for all other calculations.
The range 10−8 < τR < 10−3, which we do not cover, does
not make a significant difference because very few photons
are emitted or absorbed in this region. Including the interval
102 < τR < 103, on the other hand, slightly increases the flux
in the high-energy tail (worsening the agreement with Pons
et al. 2002, as expected), but does not noticeably affect most
of the spectrum.
Figure 1 shows that the emergent spectra for H, He, and
Fe composition calculated with both codes do not show sub-
stantial differences. In particular, for T∞eff = 10
5.0 K, the frac-
tional difference in the UV range, −2.0 . log (E/keV) . −1.3,
is always < 2%. The largest differences likely originate in the
width of the energy bins (wider in the work of Pons et al.
2002), which do not fully resolve the absorption lines. The
agreement is much better in regions away from these lines.
We also compare our Fe spectra with those of Rajagopal &
Romani (1996) finding no significant differences.
We compute spectra for pure H, He, and Fe atmospheres
with and without plasma effects. The plasma frequency is
obtained from the number of free electrons per nucleus,
1.00
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Figure 3. Ratio between fluxes for spectra with and without
plasma frequency effects. The spectra are calculated considering
MNS = 1.5 M, R∞ = 15 km, and effective surface temperatures
Teff = 104.5,105.0 and 105.5 K. The solid, dashed, and dotted lines
correspond to H, He, and Fe atmospheres, respectively. As a ref-
erence, the gray vertical lines indicate the energies where a black
body with same Teff has its maximal emission. The plasma fre-
quency has the largest impact on the high energy (Wien) tail of
the spectrum of the coldest Fe atmosphere model, but far from
the flux peak.
Figure 4. Temperature transformation between BB and at-
mosphere spectral fits for ultraviolet observations, considering
the energy band E∞ = 6.2 − 9.4 eV corresponding to the HST
F140LP filter. The solid, dashed, and dotted lines show polyno-
mial functions fitted for the temperature transformation (in black
points) in the cases of H, He, and Fe atmosphere models, setting
MNS = 1.5 M and R∞ = 15 km. For more details see the last para-
graph of Section 3.
which is tabulated in the LANL opacity tables for a given
composition, temperature, and density. Figure 2 shows that
the energy associated with the plasma frequency, ~ωp, is
always substantially below the peak of the spectra ∼ kBT .
Since most of the flux is produced at energies E ∼ (1−10)kBT ,
plasma effects block an insignificant part of the photon flux.
This means that plasma frequency effects do not produce a
MNRAS 000, 1–13 (2015)
6 Gonza´lez-Caniulef et al.
significant change in the temperature profile and the struc-
ture of the atmosphere.
In addition, Figure 3 shows that the plasma frequency
effects change the spectra just slightly below E ∼ 10−3 keV
and above E ∼ 10−1 keV for all effective surface tempera-
tures considered. The flux below E ∼ 10−3 keV is reduced
because low energy photons are blocked at relatively low
Rosseland optical depths. Instead, the flux increases above
E ∼ 10−1 keV because, at high Rosseland optical depths,
the plasma frequency blocks photons with higher energies,
which, in order to conserve the radiative flux, requires a
slight increase of the temperature in the inner parts of the
atmosphere. In fact, since the opacities decrease at high en-
ergies, and the energy-dependent optical depth τE = 1 is
located at deeper zones, the emergent spectrum for E &
10−1 keV is sensitive to the plasma effects and to the change
of the temperature profile in the inner parts of the at-
mosphere. However, even with this change in the atmo-
sphere spectra, the overall effect in the relevant energy range
E ∼ 10−2−1 keV of the thermal emission from J0437 (consid-
ering Teff ∼ 105 K), is . 2% for H/He composition and . 4%
for Fe composition.
For the analysis presented in this section, we have con-
sidered only three representative effective surface temper-
atures, Teff = 104.5, 105.0, and 105.5 K. Figure 3 shows the
tendency of plasma effects to become relatively less im-
portant, for all compositions, as the effective temperature
of the atmosphere increases. Therefore, for Teff > 105.5 K,
plasma effects should be negligible. On the other hand,
for Teff < 104.5 K, the amount of free electrons through-
out the atmosphere decreases for all compositions, i.e., the
plasma becomes less ionized. However, at low temperatures
(as shown in Figure 3), plasma frequency effects may still
produce a substantial change in the spectra of Fe atmo-
spheres in the soft X–ray energy range, although relatively
far from the flux peak (as a reference, see also Figure 1).
Thus, we conclude that plasma effects are not important in
the thermal emission of MSPs (and any non-magnetic NSs)
with light element atmosphere, but it may become impor-
tant in very cold and heavy element atmospheres, producing
an enhancement of the soft X–ray emission3, but limited just
to the high energy (Wien) tail of the spectrum.
Figure 4 shows the relation between the temperature
inferred from a BB fit and that from an atmosphere model,
considering the flux in the energy range E∞ = 6.2 − 9.4 eV
(as observed at infinity). In particular, for a fixed “red-
shifted radius” or “apparent radius” R∞ = (1 + z) RNS and
temperature T ∼ 105 K, a BB fit roughly reflects the ef-
fective temperature for He and Fe atmospheres. Instead,
a BB fit underestimates by a factor ≈ 2.1 the tempera-
ture with respect to a H atmospheres. In the range plot-
ted, the temperature transformation between a BB and a
H atmosphere can be fairly well described by the function
TH/TBB ≡ fH = −1.994x3 + 29.42x2 − 142.1x + 226.4, where
x = log(TBB[K]). Similarly, the temperature transformations
3 In the case of a liquid/metallic phase, at the surface of a very
cold NS, the plasma frequency can be very high and suppress the
flux in a substantial portion of the energy range of the thermal
radiation. However, the radiative transfer equations are no longer
valid for this regime, and the study of this case is outside the
scope of this paper.
from BB to He and Fe atmospheres can be described by
the functions fHe = 1.674x3 − 23.5x2 + 110.4x − 172.6 and
fFe = −3.157x3 + 48.65x2 − 248.7x + 423.2, respectively.
4 APPLICATIONS TO PSR J0437–4715
4.1 Fitting procedure, MCMC and tests
We fit our spectral model of non-magnetic NS atmospheres
to the UV and soft X–ray emission from J0437. For the UV
band, we use spectroscopic and photometric data from HST
observations by Kargaltsev et al. (2004) and Durant et al.
(2012). For the soft X–ray band, we use ROSAT archive
data (Becker & Tru¨mper 1993) reanalyzed by Guillot et al.
(2016). We compute a χ2 statistic between spectral mod-
els and UV/X–ray data considering four fitting parameters:
interstellar extinction, E(B − V), neutral hydrogen column
density, NH, effective temperature, T∞eff , and radius, RNS, of
the NS.
X–ray spectral fits account for the effects of interstel-
lar neutral H via the absorption model of Wilms et al.
(2000). We fold the (absorbed) spectral model using the re-
sponse matrix and effective area of the ROSAT-PSPC cam-
era, taken from the HEASARC webpage4. The folded X–ray
spectra are binned in such a way that they match the en-
ergy binning of the ROSAT data presented in Guillot et al.
(2016). CCD pile-up is not considered in our analysis as the
X–ray data for J0437 show relatively low photon count-rates.
To compute the χ2 statistic in the X–ray band, we consid-
ered only the ∼ 0.1 − 0.4 keV range, which is consistent with
the cool thermal emission from the whole NS surface. In
most of our analysis, we neglect the small contribution from
the hot polar caps (Bogdanov 2013; Guillot et al. 2016),
whose effect we evaluate approximately in § 4.4.
We account for the dust effects in the UV fits using
Milky Way extinction curves from Clayton et al. (2003),
which are computed using the polynomial function from
Fitzpatrick & Massa (1990), setting RV = 3.1. Following
Durant et al. (2012), we compute the χ2 statistic in the UV
band considering the 7 − 11 eV range of HST data, which
is consistent with a Rayleigh-Jeans tail of the surface emis-
sion. As discussed in Durant et al. (2012), the spectrum of
J0437 shows, just below ∼ 7 eV, a peaked optical/UV excess
whose origin is still unknown (where the instrument spectral
response is also rapidly decreasing).
To obtain the confidence levels for the fitted parame-
ters, we run a set of MCMC simulations using the pack-
age EMCEE (Foreman-Mackey et al. 2013), considering four
cases of emission models: H, He, and Fe atmosphere spec-
tra and BB emission. The atmosphere spectra are obtained
with log-scale polynomial interpolation from a 10×10 grid of
models computed (from radiative transfer calculations, see
Section 2) in a suitable range of temperatures and radii.
We checked that the relative difference between interpo-
lated spectra and actual atmosphere spectra is negligible,
and we also found that our results remain largely unchanged
by using for example a 5 × 5 temperature-radius grid. The
models account for gravitational redshift considering a NS
4 https://heasarc.gsfc.nasa.gov/docs/rosat/pspc_
matrices.html
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(a) Hydrogen (b) Helium
(c) Iron (d) Blackbody
Figure 5. MCMC marginalized (one-dimensional and two-dimensional) posterior distributions for the fitting parameters used in the
spectral analysis of J0437. The models are computed for non-magnetized, partially ionized NS atmospheres considering H, He and Fe
composition, as well as BB emission (panels a–d). (For the H atmosphere model, the Lyman alpha absorption line was eliminated, as
explained in Section 2.1.) The black, dark gray and gray regions show the 68%, 95% and 99.7% confidence levels. The orange and blue
bands show the E(B−V )–NH relations (3σ enclosure around the central value as dashed lines) derived by Gu¨ver & O¨zel (2009) and Foight
et al. (2016), respectively, for the Milky Way’s interstellar medium. The red, vertical lines with the arrows show the 99% confidence range
of the constraints on the NS radius obtained from the gravitational wave event GW 170817 (Abbott et al. 2018). While all compositions
and the BB model produce sensible measurements of the NS properties, the H atmosphere model produces the best agreement with the
empirical interstellar E(B −V )–NH relations and E(B −V ) values from Galactic dust maps.
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Figure 6. Best fitting spectral models to the UV (HST ) and soft X–ray (ROSAT) emission from J0437. In each panel, the solid lines
show the spectral models computed for non-magnetized, partially ionized NS atmospheres considering H, He, and Fe composition, as well
as BB emission. The gray filled circles and cross symbols with error bars show the data used and not used in the spectral fits, respectively
(for more details see Section 4.1). The UV data correspond to de-reddened fluxes, and the soft X–ray data correspond to unfolded,
unabsorbed fluxes. Since the unfolding process depends on the assumed models, specially at the higher energies, and the best-fitting
values for the extinction and hydrogen column density are also different, the plotted data points differ from one panel to another. The
best-fit values for T∞eff , RNS, E(B −V ) and NH listed in each panel correspond to the peak of the posterior distribution shown in Figure 5,
whereas those listed in Table 1 are the posterior medians.
mass MNS = 1.44 M, and setting the source distance to
d = 156.79 pc (Reardon et al. 2016).
We first considered uniform prior distributions in all the
fitting parameters (RNS, T∞eff , E(B − V), and NH), and then
we refined our results with a Gaussian prior on E(B − V),
with boundaries for the MCMC equal or larger than the
limits shown in the Figure 5a–5d. For each MCMC run, we
used 100 walkers (chains) over 10,000 iterations. The first
25% iterations of each run were excluded when generating
the posterior distributions. We also checked convergence of
the MCMC by visual inspection of the traces of parameters,
and of the likelihood (χ2), to ensure the proper mixing and
sampling of the parameter space. The final minimum χ2
were statistically acceptable with values between 43.7 and
45.9 depending on the model, for 34 degrees of freedom.
Table 1. Spectral fit parameters with different models for J0437.
The values of RNS, T
∞
eff , NH and E(B −V ) are obtained from the
MCMC posterior distributions. The values quoted are the medi-
ans (i.e., 50% quantile), and the lower/upper uncertainties are
obtained from the 16% and 84% quantiles, so that they provide
the 68% credible intervals.
Model RNS T
∞
eff NH E(B −V ) χ2/dof
(km) (105 K) (1020 cm−2)
H 16.3+3.0−2.5 2.4
+0.2
−0.2 1.7 ± 0.3 0.06+0.03−0.03 43.7/34
He 15.1+2.7−3.2 2.5
+0.2
−0.2 1.7 ± 0.3 0.12+0.03−0.04 45.3/34
Fe 8.9+3.6−2.4 3.6
+0.2
−0.2 2.3 ± 0.4 0.15+0.06−0.03 43.7/34
BB 7.8+2.7−1.9 3.9
+0.2
−0.2 2.8 ± 0.4 0.15+0.03−0.01 45.2/34
Gaussian prior on E(B −V )
H 13.1+0.9−0.7 2.5 ± 0.1 1.6 ± 0.3 0.01 ± 0.01 45.2/34
Including hot polar caps and Gaussian prior on E(B −V )
H 13.6+0.9−0.8 2.3 ± 0.1 1.4 ± 0.3 0.01 ± 0.01 45.9/34
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Figure 7. Same as Figure 5 and 6 for H atmosphere model, but considering a Gaussian prior on E(B −V ).
4.2 Results of spectral fits with uniform priors
The results for the H, He, Fe, and BB spectral fits are sum-
marized in Table 1. The spectral fits for all emission models
have equally good χ2 statistics. However, the results of our
MCMC analyses, considering flat priors on all fitting pa-
rameters (Figure 5), suggest that the H atmosphere model
is favoured, as its posterior distributions for E(B − V) and
NH show the best agreement with:
a) the measurements E(B −V) < 0.012 obtained with a 2D
map5 of infrared dust emission (Schlafly & Finkbeiner 2011,
see also Schlegel et al. 1998) and E(B − V) = 0.002 ± 0.014
(for distances d = 155 − 160 pc to J0437) from a 3D map6
constructed from starlight absorption by dust (Lallement
et al. 2018, see also Lallement et al. 2014; Capitanio et al.
2017),
b) previous estimates of the interstellar dust extinction to-
wards J0437 in the range 0.0 < E(B − V) < 0.07 (Kargaltsev
et al. 2004; Durant et al. 2012), and
c) the correlation between NH and AV discussed by Foight
et al. (2016, see also Predehl & Schmitt 1995; Gu¨ver & O¨zel
2013): NH = (2.81±0.12)×1021AV , where AV = E(B−V)×RV
and RV is taken as 3.1.
Similar arguments suggest that the He atmosphere model
is somewhat disfavoured, and the Fe atmosphere and BB
models are ruled out.
The posterior distributions for the H atmosphere
model7 produce a radius RNS = 16.3+3.0−2.5 km and a bulk
5 https://irsa.ipac.caltech.edu/applications/DUST/
6 https://stilism.obspm.fr
7 Note that the constraints on the temperature and radius derived
in our spectral fits are more restrictive than those reported by
Durant et al. (2012), which were obtained with combined UV
(HST ) and soft X–ray data (XMM-Newton; spectral flux at E =
surface temperature T∞eff = (2.4 ± 0.2) ×105 K, substantially
cooler than the polar caps (& 106 K). In particular, the ra-
dius measurement is consistent with the lower bound ob-
tained from the analysis of the X–ray light curve (hot polar
cap emission) of J0437 by Bogdanov (2013), or the analy-
sis of the broad X–ray spectral shape (Guillot et al. 2016).
Furthermore, the lower end of the posterior distribution for
RNS is also compatible with the 99% confidence limits on
the NS radius obtained from the gravitational wave signal
detected from the NS–NS merger GW 170817 (Figure 5a,
red lines), determined assuming a parameterized equation
of state consistent with 1.97 M (Abbott et al. 2018).
The posterior distributions obtained with all atmo-
sphere models show a strong correlation between RNS and
E(B − V) and an anti-correlation between T∞eff and E(B − V).
Therefore, an independent measurement of the dust extinc-
tion would strongly reduce the error intervals for the ra-
dius and temperature. If the extinction is negligible, as sug-
gested by the Galactic dust maps mentioned above, the H
atmosphere model can produce a NS radius as small as
RNS ∼ 12 km. A discussion of the MCMC analysis including
a prior on E(B − V) is given in Section 4.3.
Figure 6 shows the best fitting spectra obtained with the
MCMC analysis for all emission models. The UV data are
de-reddened according to the best-fit E(B−V) and the soft X–
ray data are unfolded8 and transformed to un-absorbed flux
using the best fitted NH. Since the posterior distributions
600 eV taken as an upper limit on the surface thermal emission),
but considering a BB model and a range of NS radii between
RNS = 7 km and RNS = 24 km.
8 The soft X–ray data are unfolded as Xdata
unfold
= Xdata
fold
·S/Sfolded,
where Xdata
fold
correspond to the folded data, S is the model spec-
trum, and Sfolded is the spectral model folded according to the
telescope response.
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Figure 8. Same as Figure 7; for the H atmosphere model, considering a Gaussian prior on E(B −V ), but accounting for the emission
from the hot polar caps. On the right panel, the black solid line corresponds to a H atmosphere model plus two hot blackbody models
(for details see Section 4.4). The gray, dashed lines show the contribution of each component to the model spectrum. The UV and X–ray
data (filled circles and crosses) are defined as in Figure 6.
for Teff , RNS, E(B − V), and NH are non-Gaussian, the best-
fit parameters shown in Figure 6 differ slightly from the
posterior medians listed in Table 1.
4.3 NS radius estimation with a Gaussian prior
on E(B − V)
J0437 is located in a region particularly devoid of dust9. As
discussed in the previous subsection, 2D and 3D maps of
dust extinction toward this source give E(B−V) < 0.012 and
E(B − V) = 0.002 ± 0.014, respectively. Furthermore, these
values are compatible within 2σ with those derived with
the MCMC analysis for the H atmosphere model (using flat
priors in all the fitting parameters) and the empirical NH–
E(B − V) relation (Foight et al. 2016).
We repeat the MCMC analysis for the H atmosphere
model including a Gaussian prior on E(B − V), with mean
µdust = 0.002 and standard deviation σdust = 0.014, accord-
ing to the latest 3D map of Galactic dust (Lallement et al.
2018), while ensuring E(B − V) > 0. A summary with the
resulting medians for the fitting parameters is reported in
Table 1. As expected, the results are compatible with those
reported in Section 4.2. Remarkably, the uncertainties on
the radius measurement are substantiallyreduced, yielding
RNS = 13.1+0.9−0.7 km (see also the posterior distributions in
Figure 7).
9 Rosine Lallement, private communication.
4.4 Correction for hot polar caps and final radius
estimate
Up to this point, we have neglected the effects on our fits
from the hot polar caps, which are clearly identified in the
X-ray data above ∼ 0.5 keV (Becker & Tru¨mper 1993; Pavlov
& Zavlin 1997; Bogdanov 2013; Guillot et al. 2016). In our
low-energy spectral analysis, there could be two such effects:
a) The low-energy tail of the hot components could di-
rectly contribute to the high end of the spectral range con-
sidered in our models, and
b) the folded soft X–ray spectrum can be contaminated
with high-energy photons due to the spectral response of
the detector.
We tested the effect of the hot polar caps by adding
two hot BB components to our H atmosphere fit (see Figure
8). We used the parameters for the polar caps obtained by
Guillot et al. (2016) for their H atmosphere + 2BB fit, which
includes NuSTAR, XMM-Newton, and ROSAT data, cover-
ing the X–ray spectrum of J0437 up to 20 keV. Their best
fitting temperatures for the polar caps are T∞cap,1 = 1.8×106 K
and T∞cap,2 = 3.4×106 K, with associated radii R∞cap,1 = 0.15 km
and R∞cap,2 = 0.03 km, respectively. By including these fixed
components in our MCMC analysis, we obtain a final NS
radius estimation RNS = 13.6+0.9−0.8 km (a summary with all
posterior medians is reported in Table 1). In comparison to
the results reported in Section 4.3, the addition of the hot
components makes the inferred bulk temperature decrease
and the NS radius increase by amounts smaller than the
estimated 1 σ error bars.
A full analysis, including atmosphere model fits of the
emission from both the hot polar caps and the cooler sur-
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Figure 9.Mass-radius relation for different cold, superdense mat-
ter EOSs. The curves with different colors show a few EOSs, la-
beled as in Lattimer & Prakash (2001). The blue filled region
labeled “CEFT” shows a range of EOSs based on chiral effective
field theory (Hebeler et al. 2013). The grey, horizontal bands show
the mass measurements for PSR J1614–2230 (Demorest et al.
2010; Arzoumanian et al. 2018) and J0437 (Reardon et al. 2016).
The black region shows the radius measurement for J0437, at 1σ,
obtained in this work.
face of the rest of the NS, is outside the scope of this pa-
per and should be addressed using, for example, the hard
X-ray data from NuSTAR and the high-quality soft X–ray
data from the NICER mission. Furthermore, dealing with
the hot polar cap emission requires to properly account for
scattering opacity in the source function of our atmosphere
models, which at the moment are suitable to model the cold
thermal component of J0437 (see Section 2). Other uncer-
tainties, such as the errors in the source distance or mass,
are negligible in our analysis, as the errors are dominated
by the much larger uncertainties, for example, in the inter-
stellar extinction E(B −V) (set as a fitting parameter in the
MCMC analysis, either with a uniform or Gaussian prior).
5 DISCUSSION AND CONCLUSIONS
We modelled the cool thermal component of the spectrum
of MSP J0437, observed in the UV (HST ) and soft X–ray
(ROSAT) bands, considering non-magnetized, partially ion-
ized H, He, and Fe atmospheres. For surface temperatures
∼ 105 K, as previously determined for this source (Kargalt-
sev et al. 2004; Durant et al. 2012), we found that plasma
effects are negligible in the UV band (less than 1% flux sup-
pression), but may become important for cooler sources with
heavy-element atmospheres, particularly for the emission in
the soft X–ray band (in the Wien tail of the spectrum).
Using a MCMC analysis, we found that spectral fits to
the UV/X–ray data of J0437 favour a H atmospheric com-
position, disfavour a He composition, and rule out Fe atmo-
spheric composition as well as BB emission. This is consis-
tent with the fact that BB emission cannot reproduce the
observed pulsed amplitude of J0437 (Bogdanov 2013). For
the H atmosphere composition, we found that:
a) By considering uniform priors in all fitting parameters,
we obtain a NS radius RNS = 16.3+3.0−2.5 km, a bulk surface
temperature T∞eff = (2.4 ± 0.2) ×105 K, a dust extinction value
E(B−V) = 0.06± 0.03, and a neutral H column density NH =
(1.7 ± 0.3) ×1020 cm−2.
b) By including a Gaussian prior on the dust extinction,
based on current 3D maps of galactic dust, we refine our
measurements: RNS = 13.1+0.9−0.7 km, T
∞
eff = (2.5 ± 0.2) ×105 K,
and NH = (1.6 ± 0.3) ×1020 cm−2
c) By accounting for the effect of the hot polar caps, we
obtain our final results: RNS = 13.6+0.9−0.8 km, T
∞
eff = (2.3 ±
0.1)×105 K, and NH = (1.4 ± 0.3) ×1020 cm−2
Our radius determination for J0437, combined with its
well-measured mass, allows us to establish the tightest con-
straint on the equation of state for ultra-dense matter to date
(for a review see Lattimer & Prakash 2016) from a MSP. As
shown in Figure 9, the constraint on MNS (Reardon et al.
2016) and RNS (this work) for J0437 combined with one of
the largest measured masses for a pulsar (PSR J1614–2230,
Demorest et al. 2010; Arzoumanian et al. 2018) favours a
stiff EOS and disfavours a strange matter EOS. Precise 3D
maps of Galactic dust, presently under development, based
on GAIA data (see e.g., Lallement et al. 2019), and high
quality X–ray observation from the NICER mission, will fur-
ther improve the radius estimation for J0437 and the con-
straints on the EOS.
Compared with other results, our measurement of RNS
for J0437 is:
a) consistent with the lower limits on the radius previously
published for this source. Specifically, Bogdanov (2013) de-
rived RNS > 10.9 km from the X–ray light curve (due to the
hot polar caps), assuming a H atmosphere, while Guillot
et al. (2016) obtained RNS > 10 km from the soft X–ray spec-
trum (using a BB spectral component for the cool surface),
b) consistent with the constraints derived for two other
MSPs: PSRs J2124 and J0030, with the associated lower
limits RNS > 7.8 km and RNS > 10.4 km, respectively (as-
suming MNS = 1.4 M, Bogdanov et al. 2008; Bogdanov &
Grindlay 2009),
c) consistent with the NS radius derived from the NS-NS
merger gravitational wave signal GW 170817 (Abbott et al.
2018),
d) consistent with the NS radius measurement from recent
statistical analyses combining quiescent low-mass X–ray bi-
naries (e.g., Steiner et al. 2018; Baillot d’Etivaux et al. 2019),
which find radii in the 11–14 km range, and
e) slightly larger, but still marginally consistent with the
NS radius obtained through the analysis of the cooling tails
of X–ray bursts from the low-mass X–ray binary 4U 1702–
429, RNS = 12.4 ± 0.4 km (Na¨ttila¨ et al. 2017).
Our analysis also allowed us to test the surface compo-
sition of the MSP J0437. In particular, a H atmosphere is in
agreement with the expectations for these sources, as such
composition might result from a) past accretion from a bi-
nary companion, b) accretion from the interstellar medium
or c) spallation of heavier elements (Bildsten et al. 1992). If
other heavier elements coexist in the surface layers of NSs,
they would stratify within ∼ 100 s (Romani 1987; Bildsten
et al. 1992), leaving the lightest element on top. Further-
more, a very small amount of H, ∼ 10−20 M (Bogdanov et al.
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2016), is enough to produce an optical depth ∼ 1 in the X–
rays (i.e. to form the atmosphere). On the other hand, the
favoured H atmospheric composition of J0437 disfavours dif-
fuse nuclear burning, or at least its effectiveness in modifying
the atmosphere composition on ∼ 104 yr timescales (Chang
& Bildsten 2003, 2004; Chang et al. 2010) and produce ex-
ternal atmospheric layers with heavier elements. Systematic
observations of the UV and soft X–ray emission from other
MSPs may help us to establish further constraints on this
issue.
The bulk surface temperature of J0437 derived in the
present work with the H atmosphere model is more restric-
tive than that obtained with a BB model by Durant et al.
(2012, T∞eff = (1.5− 3.5) × 105 K), which does not take into ac-
count the minimal value of R∞ = 3
√
3GM/c2 = 11.0 ± 0.5 km
imposed by General Relativity (considering the currently
measured mass the pulsar MNS = 1.44 ± 0.07 M, Reardon
et al. 2016). Our temperature measurement is also relevant
to understand the heating mechanisms that might be oper-
ating in NSs. Gonzalez & Reisenegger (2010) performed a
comparative analysis of different heating mechanisms, find-
ing that rotochemical heating (Reisenegger 1995, 1997; Fer-
na´ndez & Reisenegger 2005; Petrovich & Reisenegger 2010,
2011; Gonza´lez-Jime´nez et al. 2015) and vortex creep (Al-
par et al. 1984; Shibazaki & Lamb 1989; Larson & Link
1999) might explain the temperatures measured in old NSs.
Rotation-induced crustal heating, which was proposed later
(Gusakov et al. 2015), could also be important. A full analy-
sis of this issue will be presented in another work (Rodr´ıguez
et al., in prep.).
We note that our results rely on the assumption that
non-magnetized atmosphere models appropriately describe
the thermal emission from the entire surface of relatively
cold NSs, such as J0437. The spin-down-derived magnetic
field of this object, B = 2.4 × 108 G, can affect the transport
of radiation in the atmospheric plasma for electromagnetic
waves with energies lower than the electron cyclotron energy
Ec/(1 + z) ∼ 2 eV, which is still below the UV band consid-
ered in our fits. Potentially, small-scale multipolar compo-
nents present on the NS surface (stronger than the dipolar
field) could affect the radiative transfer. If that is the case,
and assuming that the transport of radiation becomes polar-
ized (propagating in the so called X-mode and O-mode), this
would produce an excess in the optical/UV spectrum com-
pared with the non-magnetized atmosphere model (see e.g.,
Ho & Lai 2001; Zane et al. 2001; Lloyd 2003; Suleimanov
et al. 2012). Such spectral fits will produce a smaller NS
radius, and so our results with non-magnetized atmosphere
models may be considered as upper limits. A further caveat
to consider is the possibility that no atmosphere is present
on the cold surfaces of NSs (but probably at much lower
surface temperatures than that of J0437), where the emis-
sion would arise directly from a liquid surface. However, no
models exist so far to describe such emission from sources
like MSPs.
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